a substantial decline in developmental and behavioral functioning, emphasizing the need for timely and effective intervention. 39 For cases in which the epileptogenic zone is associated with a tuber or multiple tubers, single or staged resection is the current standard of care. 8 However, morbidity for each admission in staged resective surgery has been reported as 2% for neurological deficits, 1.5% for CNS or flap infections, 5.5% for positive cultures, and 3% for wound complications (many requiring surgical revision). 15, 16 Magnetic resonance-guided laser interstitial thermal therapy (MRgLITT) is a less invasive alternative to treat epileptogenic foci such as cortical tubers without requiring an open surgery. We present our initial experience using minimally invasive MRgLITT to treat 7 pediatric patients with intractable epilepsy due to TSC.
Methods

Study Design
We performed a retrospective chart review at SUNY Upstate Golisano Children's Hospital (GCH) for patients up to 18 years of age who received MRgLITT for ablation of epileptogenic cortical tubers between February 2013 and November 2015. The GCH research ethics board granted approval for this study.
Patient Selection
All patients were deemed to have seizures that were refractory to treatment with multiple antiepileptic drugs (AEDs). All patients received a phase 1 epilepsy surgery evaluation including video-electroencephalography (VEEG), volumetric MRI, and diffusion tensor imaging. Also, positron emission tomography (PET), and/or single photon emission computed tomography (SPECT) and EEG high-frequency oscillation analysis were performed if indicated. The most epileptogenic tubers on these evaluations were chosen for ablation. If there were multiple epileptogenic tubers, the institution's multidisciplinary epilepsy team selected the most active targets that would correlate clinically with recorded seizures.
Surgical Technique
The surgical technique is similar to that which has been previous described. 37 The ablative procedures were performed stereotactically using Visualase (Visualase, Inc.) or NeuroBlate (Monteris Inc.) under general anesthesia. Technological factors described in prior studies and institutional preference dictated which system was used in our series. 37, 38 Patients were given local anesthesia at the sites of pin fixation and then placed in a Leksell head frame (Elekta AB). After the head frame was applied, the patients were transferred to the MRI suite to obtain imaging for frame-based stereotactic guidance. The cortical tubers were localized by T1-weighted MRI and T2-weighted fluid-attenuated inversion recovery (FLAIR) images, and all images were transferred to a Stryker Navigation imageguided surgery workstation or BrainLab iPlan software for co-registration with the images referencing the Leksell frame coordinate system. On return to the operating room, the arc was attached to the frame and appropriate coordinates were set. The trajectories for ablation were planned using the navigation software to ablate the tuber and surrounding perituberal cortex.
Once the placement of the laser probe on the planned target was confirmed by MRI, additional laser applicators could then be placed (Fig. 1) . The Leksell frame was repositioned as needed using coordinates to target the other epileptogenic tubers. For each lesion, the laser probe was moved along the planned trajectory to ablate the cortical tuber and disconnect it from the surrounding white matter using MRI guidance. After ablation of the epileptogenic foci, postoperative T2 FLAIR and post-gadolinium T1 MRI scans were obtained to show the extent of ablation. All patients underwent post-ablation overnight VEEG. For the patients with staged procedures, a new presurgical evaluation was performed at least 3 months later to identify the epileptogenic tuber(s) before their next ablation, and confirm the lack of epileptogenesis in the already ablated tubers.
Results
Seven patients (4 female and 3 male) were treated. Their demographic and clinical data are summarized in Table 1 . The patients' average age was 6.6 years (range 2-17) at the time of initial treatment. All patients underwent routine presurgical evaluations with volumetric MRI and VEEG monitoring for surgical planning. One patient had undergone a prior laser ablation for an intraventricular SEGA.
Procedural details for each patient and operation are summarized in Table 2 . Two patients had a single procedure while 5 patients had staged procedures. The mean time between procedures in this latter group was 6 months. The mean anesthesia time was 5.3 hours (range 3-10 hours). Technical issues with MRI led to an increased anesthesia time of 9-10 hours in 2 patients. The number of laser trajectories ranged from 1 to 4 (mean 2.4). A postoperative stay in the ICU was routinely scheduled in all cases, and patients received steroids during and after the operations per routine protocol. The hospital length of stay ranged from 1 to 7 days (mean 2.6 days). For all of our patients, the laser applicators were accurately placed, and successful ablation of the target lesion was achieved as demonstrated by post-ablation FLAIR and contrast-enhanced T1-weighted MRI. The total volume of the ablated lesions ranged from 2.9 to 29.5 cm 3 (mean 11.1 cm 3 ). All of our patients had at least worthwhile improvement according to the Engel seizure and the International League Against Epilepsy (ILAE) outcome scores (Table 3) , and 3 patients (43%) achieved seizure freedom. Five of our patients were able to reduce their use of AEDs. Three of 4 patients who presented with neuropsychiatric symptoms had some improvement in these domains after laser ablation. No perioperative complications or 30-day readmissions were noted. The mean duration of clinical follow-up was 19.3 months (range 4-49 months). The outcomes for each patient and procedure are summarized in Table 3 .
Illustrative Case
This 6-year-old boy (patient 1 in Table 1 ) with TSC and known SEGA previously treated with laser ablation and everolimus presented with intractable generalized tonicclonic seizures. He had an initial diagnosis of infantile spasms at 6 weeks of age. After multiple trials of AEDs, his seizures had been controlled for some time with a combination of lamotrigine and zonisamide. However, at the Complete disconnection was achieved for all targets in all cases. All patients were cared for in the ICU after the procedures (planned ICU stay) and were administered steroid medication the day of surgery and postoperatively according to the predetermined routine regimen. There was no unplanned postoperative steroid use. * Technical issues with the MRI.
time that he was referred to the neurosurgery clinic, he had developed breakthrough seizures and severe self-harming behavior, and his medication regimen had been increased to 3 AEDs without successful seizure control. Brain MRI showed bilateral tubers as well as a SEGA of the right lateral ventricle (Fig. 2) . VEEG demonstrated multiple seizures corresponding with multifocal spikes and sharp waves involving the left frontal and temporal regions. The patient underwent 2 staged MRgLITT procedures. The first staged procedure targeted the left frontal and temporal cortical tubers (Fig. 3 upper) . Postoperative MRI after 3 months' duration showed satisfactory ablation volume of the targets (Fig. 4) . The patient initially had clinical improvement of his seizures, however, about a year later he began having increased neuropsychiatric symptoms including agitation, which prompted further workup. Follow up VEEG localized seizure activity to the left occipital lobe, and he underwent an additional MRgLITT of the corresponding left occipital cortical tuber (Fig. 3 lower) .
Following this series of ablations, the patient has been able to wean to lamotrigine only and has been seizure free for 3 years. He has had improvement in his self-aggressive behavior, which is now relatively well controlled with clonidine and risperidone. He has also made significant progress with respect to developmental milestones.
Discussion
Several studies have been published to clarify epileptogenicity in TSC, widening the pathophysiological hypothesis of its onset. 21 As stated previously, epileptogenesis is thought to be the result of different structural and molecular abnormalities observed in the cortical tubers and the perituberal cortex. 30 Furthermore, certain morphological features in tubers may predispose to seizures: abnormal cerebral cortical cytoarchitecture, associated astrocytic proliferation, the presence of calcifications, unusual vascular anatomy, edema, altered neurotransmitter receptor expression, and balance between cell proliferation and death. 21 Correspondence between lesions seen on MRI and electroencephalographic activity support the role of cortical tubers as epileptogenic foci. 32 However, it is uncertain whether it is the tubers themselves or the influence of the tubers on surrounding neural networks that causes seizures. Some studies have identified foci in the perituberal cortex rather than the tubers themselves. 1, 14 It has also been observed that not all tubers generate seizures.
14 Our cases represent the ablation of both the cortical tubers and perituberal cortex in those tubers that proved to be epileptogenic on the standard evaluations. One limitation of our study is that we did not use invasive EEG monitoring to localize our surgical targets. However, intracranial EEG using stereoelectroencephalography (SEEG) may prove to be useful in the future to more accurately define seizure foci and propagation in a minimally invasive fashion. One could also consider converting a trajectory from SEEG to laser ablation in a single stage. The use of SEEG-guided thermocoagulation for epileptic foci has been described previously. 19 To our knowledge, the use of this technique for patients with tuberous sclerosis has not yet been described and deserves further study.
Even in patients with multiple tubers, seizures may still arise from a single tuber. An epileptogenic tuber is not necessarily the largest tuber, though it could be in some cases. In any event, it may be difficult to identify, by only observing the surface of the brain, the exact tuber that was presurgically diagnosed as epileptogenic, 8 and ablation of the specific tuber under MRI visualization may be advantageous for this reason.
Cortical tubers originate between 7 and 12 weeks of human gestation, primarily as the result of a disorder of neural proliferation. 3 They are generally located at the gray/white matter edge, multiple in number, and often associated with multiple epileptic foci. Tubers situated in the temporal and occipital cerebral lobes, areas of the brain which develop earlier, can become epileptogenic before other cortical lesions in the same patient. 28 Tubers differ morphologically and functionally even in the same patient, which might explain the different susceptibility of individual tubers to seizure onset and diffusion. 9 According to some authors, cyst-like cortical tubers may contribute to the more severe epilepsy profile seen in TSC patients with these lesions. 7 Quadrants containing the greatest tuber burden, increased tuber size, and tuber calcifications were not found to be predictive of regional interictal epileptiform activity. 7, 17 Magnetic resonance-guided laser interstitial thermal therapy (MRgLITT) has been shown to be a safe and effective alternative to traditional neurosurgery in the setting of not only epilepsy surgery but also neuro-oncolo- gy. 4, 5, 13, 20, 25, 40, 41 Laser ablation offers additional benefit in that it is a minimally invasive technique and can provide a surgical cure in a patient who would otherwise not be deemed a candidate for surgical treatment. Furthermore, when compared to radioablation, there is no known risk of radiation necrosis or secondary malignancy. 12 Laser ablation is associated with shorter hospital stays, minimal pain, faster recovery, improved cosmetic outcomes, and delivery of a surgical cure while minimizing the disruption of family life. 24 Introduced by Achslogh in 1964, surgery has been described as an option for treatment of intractable epilepsyrelated with tuberous sclerosis. 22 Classic surgical options for these patients include resection of the epileptic focus, corpus callosotomy, and vagal nerve stimulation. 8, 30, 32 Open surgical resection is the current standard of care for patients with medically refractory seizures due to cortical tubers. Surgical excision of a single cortical tuber, localized in non-eloquent areas and coinciding with the EEG evidence of ictal onset, has the best chance to obtain total seizure control. However, patients with TSC and epilepsy often present with bilateral and multiple cortical tubers, 30 making surgical treatment challenging and increasing the risk of adverse effects. As previously stated, some authors have suggested that the perituberal cortex should also be removed since the epileptogenicity may derive from the perturbation or abnormal development of the surrounding cortex rather than the tuber itself. 27, 29, 30, 36 The literature for TSC is limited to retrospective case series, demonstrating a range of approaches for preoperative evaluation and treatment. 8 Most recent series have used some combination of MRI, PET, and SPECT for imaging. Scalp EEG, with or without magnetoencephalography (MEG), and intracranial invasive EEG monitoring are also used to define the epileptogenic tuber further. Improvements in imaging and EEG techniques have allowed for better localization and more accurate resections. Several series have reported equal if not better seizure outcomes without the use of invasive EEG; however, to date it is difficult to evaluate the value of invasive EEG monitoring and extent of resection without the benefit of data from a larger, prospective, and standardized cohort. 27, 29, 36 The alternative of a minimally invasive approach such as MRgLITT broadens the option of surgical treatment to include patients with reduced quality of life who traditionally would not have met criteria for open surgery. In particular, this includes very young patients who generally present with catastrophic epileptic syndrome associated with developmental delay and regression. Laser ablation also offers surgical candidacy to patients with multiple epileptogenic cortical tubers as shown here. Aggressive and early surgical treatment is associated with significant control of epilepsy, improved cognition and learning capabilities, and better quality of life for patients and their families. 33 Reports of seizure freedom rates varied substantially from 0% in 2 individual case reports to 100% in a series of 10 cases (average of 55%). 6, 14, 33 The discrepancy in the outcomes of the reported series reflects the disparity of the variables that were analyzed, such as age at epilepsy onset or age at surgery, different clinical features, and various presurgical evaluations and surgical procedures. 30 In a systematic review, Jansen et al. reported that seizure freedom was achieved for 57% of patients and seizure frequency improved by 90% in another 18% of patients; thus they considered that good seizure control was achieved in 75% of cases. 22 The seizure freedom rate has significantly improved in the last 5 years, leading to a 63% rate of Engel class I status. This is probably due to the recent technical advances in the localization of the epileptogenic zone. 28 In our series of 7 patients with TSC, MRgLITT delivered a seizure freedom rate similar to that achieved with resective surgery. Seizure freedom was reported in 43% of our cases, which is comparable to the average rate 50%-56.8% reported for resective surgery in the recent literature. 1, 6, 14, 33 All of our patients had a meaningful reduction in seizure frequency reported by Engel and ILAE seizure outcome. A majority (71.4%) of our patients experienced a reduction in AED burden, compared with 62.5% in another series. 1 Historically, poor outcome in TSC surgery is associated with early age of seizure onset, history of infantile spasms, and multifocal interictal activity. 27 Laser ablation offers the possibility of surgical treatment as early as the epileptogenic focus or tubers are identified without excluding the option for further surgery later on in life if new tubers become active.
About half of the patients with TSC present with some behavioral difficulties during development, such as classic infantile autism and autism spectrum disorder. 10, 23 Other common behavioral manifestations include anxiety, depression, aggression, and sleep disorders. 11 Four of our patients presented with behavioral issues, namely selfaggression, autistic features, and attention deficits. As previously mentioned, these symptoms improved after laser ablation and the resulting improvement in seizure control, although we do not have data from formal neuropsychological evaluation to support these observations. No patient died, and no morbidity related to the procedure was reported even when a large volume of ablation per procedure was achieved. Moreover, there were no surgical infections in our case series-a rate of 0%, in comparison with the rates in the open staged surgical series of 1.5% for CNS or flap infections, 5.5% for positive cultures, and 3% for wound complications. 15, 16 Although there were no complications to describe in our 7 cases, others have reported individual cases of transient and long-term complications with laser ablation. In one series, a transient third or fourth cranial nerve palsy occurred due to thermal spread in treating epilepsy-related medial temporal sclerosis, as reported by Wicks et al. 41 Lewis et al. reported a delayed intracranial hemorrhage following MRgLITT for lesional epilepsy, possibly due to pseudoaneurysm formation related to thermal injury. 2 One pediatric epilepsy case series noted transient hydrocephalus in one patient and cerebral edema responsive to dexamethasone in another. 26 These few complications emphasize the need for careful surgical planning and a specialized epilepsy surgery team as well as the importance of formal training in functional neurosurgery and, foremost, the required mentoring and hands-on experience in applying the MRgLITT technology as previously described. 
Conclusions
Tuberous sclerosis continues to represent a significant burden as a source of intractable epilepsy in more than 80% of affected patients. Only about one-third of these patients become surgical candidates. Lesionectomy and tuberectomy, including resection of the peri-tuberal area, provide more than 50% of patients with seizure freedom with the added benefit of cognitive and behavioral improvement related to the seizure control, which is especially significant when the patient is treated at an early age.
Our series is the most significant case series to date showing the successful utilization of MRgLITT for treating cortical tubers in pediatric patients with refractory TSC epilepsy. MRgLITT represents a minimally invasive surgical option that reduces the risk and complications of resective epilepsy surgery, especially in the multi-staged cases. Further multi-institutional studies using standardized protocols are required for long-term evaluations of seizure, behavioral, and cognitive improvement in these patients.
